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ABSTRACT Host-feeding patterns play a key role in the transmission of vector-borne diseases such
as West Nile fever, which involves two kinds of vertebrates, birds and mammals. In this study, we
propose a theoretical formulation formosquito host-feedingpatterns using three quantities, as follows:
the apparent attractiveness/contact probabilities, the conditional host(-feeding) preferences, and the
enzootic versus bridge probabilities. Using results from host-baited trap collections, the quantities
deÞned abovewere assessed for themost abundantmosquito species in themainWestNile virus focus
of southernFrance.We found that host availability is important indetermining the efÞciencyof bridge
vectors, and that even ornithophilic mosquitoes like Culex species, classically classiÞed as enzootic
vectors, may turn out to be efÞcient bridge vectors in certain contexts of host abundance. Our
developed theoretical framework can easily be adapted and applied to other experimental data and
other vector-borne diseases.
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Thehost-feedingpatternof amosquitopopulationcan
be deÞned as the distribution of feeds taken on dif-
ferent vertebrate hosts (Clements 1999). Host-feed-
ing pattern reßects the relative attractiveness of a host
(determined by the responsiveness ofmosquito to the
host over a distance) and the relative acceptability of
that host (determined by the mosquito-feeding re-
sponses after landing) or probability of it being bitten
(Clements 1999). The factors known to govern host-
feeding patterns are as follows: Þrst, the innate ten-
dencies of the mosquito to respond strongly to a class
of hosts (host preferences); second, host availability;
and third, the defensive behavior of potential hosts
(Clements 1999). As a result of this complexity, host-
feeding patterns do not simply reßect the host abun-
dance (Hassan et al. 2003).Moreover, apparently con-
tradictory results in analyses of blood meal residuals,
as for Culex pipiens found fed exclusively on birds or
equally on birds and mammals in the northeast of the
United States depending on the study (Apperson et al.
2002, 2004; Molaei et al. 2006), may result frommixing
or conßicting inßuences of the above factors (differ-
ences in host abundance or in host-defensive behav-
iors).
Nevertheless, determining mosquito host-feeding
patterns is crucial to understand the transmission pat-
terns of vector-borne diseases. Host-feeding patterns
are key factors for diseases, like West Nile fever, in-
volving at least two distinct vertebrate classes, birds
and mammals. Indeed, if there seems to be a clear
consensus that ornithophilic species are the best can-
didate vectors for primary West Nile virus (WNV)
ampliÞcation in the mosquito/bird cycle (Zeller and
Schuffenecker 2004), the feeding habits of WNV
bridge vectors, responsible for the virus transmission
from birds to mammals, including humans, are still a
matter of debate. For some authors, mammophilic or
opportunistic mosquitoes, which take mainly blood
meals from mammals, might be considered best can-
didates for transmitting WNV to humans and horses
(Medlock et al. 2005, Turell et al. 2005). However, for
others, ornithophilic species could as easily be respon-
sible for WNV transmission to mammals because of
their relative abundance, their vector competence,
and WNV infection prevalence that may balance the
low fraction of bloodmeals taken frommammals (Kil-
patrick 2005). Moreover, mosquito species are often
classiÞed as enzootic or bridge vectors, according to
primarily qualitative considerations.
The aim of this study is to propose a theoretical
framework for dealing with mosquito host-feeding
patterns and allowing rationalization of data analysis
in host-feedingpattern studies. For this purpose, three
quantities have been deÞned and derived to charac-
terize and quantify the host-feeding pattern of mos-
quito species, as follows: the apparent attractiveness/
contact probabilities, the conditional host(-feeding)
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preferences, and the enzootic versus bridge probabil-
ities. This formulation can be adapted easily to various
experimental data in different vector-borne disease
contexts. As an illustrative application, we employed
this approach to analyze data from host-baited trap
collections, in which one horse and two birds were
exposed to mosquito bites in two contrasted sites
(wetland and dry area) of the Camargue, the main
WNV focus of southern France.
Materials and Methods
Theoretical Derivations. The following deriva-
tions focus mainly on birds and mammals because of
their importance inWNV transmission cycles. How-
ever, the developed framework is rather general and
can be easily adapted to other kind of hosts de-
pending on the disease context. In this section, we
roughly describe the mainstream of reasoning and
only provide the main steps of theoretical deriva-
tions to facilitate paper reading. Complete and de-
tailed theoretical derivations are given in the Ap-
pendix section.
Modeling Individual Mosquito/Host Contact.Mos-
quito/host interactions can be characterized by the
contact probability involving the raw relative host
attractiveness , which represents the mosquito re-
sponse to host stimuli (Clements 1999), and the feed-
ing success rates that depend mainly on defensive
reactions of the potential host species (Edman and
Kale 1971, Edman et al. 1974). Main factors known to
govern the raw attractiveness are the innate tendency
of mosquitoes to strongly respond to a class of hosts
(birds, mammals) and the host size (Dow et al. 1957,
Edman et al. 1974, Clements 1999). The raw relative
host attractiveness can be decomposed into the prod-
uct of three factors:   the innate tendency “” for
the mosquito to feed upon a host species  the en-
vironmental factor “e” allowing mediation of the odor
plume fromhost tomosquito thehost size factor “w”
that accounts for the host effect in the shape and
intensity of the odor plume emanating from the host.
Accordingly, the raw attractiveness of bird and mam-
mal hosts for mosquitoes can be written as (see Table
1 and Appendix) B,i  B,i  eB,i  (WB,i)
3/4 and
H,j  H,j  eH,j  (WH,j)
3/4, respectively, where
WB,i andWH,j are the bird andmammal bodyweights.
Host-Feeding Pattern and Apparent Contact Prob-
abilities. The host-feeding pattern of a mosquito spe-
cies represents the feedingprobabilities ona spectrum
of available hosts and reßects altogether the relative
attractiveness to the host, acceptability of the poten-
tial hosts for mosquito feeding on, and the relative
available host abundance (Clements 1999). In an en-
vironmental system model (scaled by the effective
searching distance of mosquitoes) comprising homo-
geneouslymixed and stationary populations of a single
species of V host-seeking female mosquitoes interact-
ing with Bi birds of species “i” (i  1, 2, . . . , dB), Hj
mammals of species “j” (j 1, 2, . . . , dH), andD, other
undetermined potential available hosts, where dB and
dH denote the bird and mammal diversities (Table 1),
the (expected) host-feeding pattern ofmosquitoes for
bird andmammal hosts is given by the spectrumprob-
abilities B,i, H,j, and D (see equation A1 in Appen-
dix), where B,i (H,j) is the probability that a mos-
quito is attracted to and successfully feeds on birds
(mammals) of species “i” (“j”), and D, the dilution
term involving the unknown available hosts, and such
that 
i1
dB B,i  
j1
dH H,j  D  1 (see Appendix).
However, as D is not easily accessible, even not
accessible, it turns out useful to dealwith the apparent
contact probabilities deÞned as (see Appendix)
qB,i  B,i
i1
dB B,i  
j1
dH H,j and qH,j 
H,j
i1
dB B,i  
j1
dH H,j. As deÞned, the qB,i (qH,j) is
the apparent probability that amosquito is attracted to
and feeds successfully on birds (mammals) of species
“i” (“j”). And the apparent contact probabilities with
birds and mammals as a whole are obtained as qB 

i1
dB qB,i and qH  
j1
dH qH,j, respectively, with qB  qH 
1. In what follows, we will show how one can use Þeld
data from host-baited collections or from identiÞcations
of blood meal sources to characterize mosquito host-
feeding patterns.
Analyzing Host-Baited Collections. One way to
learn the feeding behavior is to collect host-seeking
mosquitoes with a system of host-baited traps involv-
ing, for instance,Bi birdsof species “i” andHjmammals
of species “j” (one animal by trap). Denoting by MB,i
andMH,j themean number of mosquitoes collected in
a trap baitedwith (and therefore attracted to) birds of
species “i” andmammals of species “j”, and by VB,i and
VH,j themean number of engorged females on birds of
species “i” and mammals of species “j”, we have by
deÞnition, VB,i  sB,i  MB,i and VH,j  sH,j  MH,j,
where sB,i and sH,j are feeding success rates of the
mosquito species on bird and mammal species, re-
spectively. From these, two quantities of interest can
be computed.
Apparent Attractiveness and Contact Probabilities.
First is the apparent attractiveness probabilities “a”
obtained from mosquito collections as:
aB,i
MB,i

i1
dB
MB,i 
j1
dH
MH,j
; aH,j
MH,j

i1
dB
MB,i 
j1
dH
MH,j
[1]
where aB,i (aH,j) is the apparent probabilities that a
mosquito is attracted to a bird (mammal) of species “i”
(“j”). The apparent attractiveness for birds and mam-
mals as a whole is given by aB  
i1
dB aB,i and
aH  
j1
dH aH,j, respectively, with aB  aH  1. Like-
wise, the second quantity is the apparent contact
probabilities for collected engorged mosquitoes
as:
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Table 1. Definition of parameters
Symbol DeÞnition Equations
“i” (“j”) Bird (mammal) species index with i  1, 2, . . . , dB (j  1, 2, . . . , dH)
dB (dH) Bird (mammal) diversity
Bi (Hj) No. of birds (mammals) of species “i” (“j”)
D No. of undetermined available hosts
Contact probability
B,i (H,j) Bare relative attractiveness of birds (mammals) of species “i” (“j”) for
mosquitoes
sB,i (sH,j) Feeding success rates of mosquitoes on birds (mammals) of species
“i” (“j”)
B,i (H,j) Innate tendency of mosquitoes for birds (mammals) of species “i”
(“j”)
eB,i (eH,j) Environmental factor associated to birds (mammals) of species “i”
(“j”)
wB,i (wH,j) Size factor associated to birds (mammals) of species “i” (“j”)
WB,i (WH,j) Body weight of birds (mammals) of species “i” (“j”)
Host-feeding pattern and
apparent contact
probabilities
B,i (H,j) Host-feeding probability of mosquitoes on birds (mammals) of species
“i” (“j”)
1, 12
qB,i (qH,j) Apparent contact probability of mosquitoes with birds (mammals) of
species “i” (“j”)
2, 4, 5, 8, 11
Analyzing host-baited
collections
MB,i (MH,j) Mean no. mosquitoes collected in one bird (mammal)-baited trap of
species “i” (“j”)
VB,i (VH,j) Mean no. engorged females on birds (mammals) of species “i” (“j”)
aB,i (aH,j) Apparent attractiveness of mosquitoes for birds (mammals) of species
“i” (“j”)
3, 9
NB,i (NH,j) Biomass or effective no. of birds (mammals) of species “i” (“j”)
fB,i (fH,j) Conditional host-feeding preference of mosquitoes for birds
(mammals) of species “i” (“j”)
6, 10
vB,i (vH,j) Engorged mosquito densities on birds (mammals) of species “i” (“j”)
hB,i (hH,j) Conditional host preference of mosquito for birds (mammals) of
species “i” (“j”)
7
mB,i (mH,j) Mosquito densities on birds (mammals) of species “i” (“j”)
Analyzing identiÞcations
of blood meal
source
VD No. engorged females identiÞed as feed on hosts other than species
“i” and “j”
Bai (H
a
j) Apparent or counted no. of birds (mammals) of species “i” (“j”)
faB,i (f
a
H,j) Apparent conditional host-feeding preference of mosquitoes for
counted birds (mammals) of species “i” (“j”)
13
vaB,i (v
a
H,j) Engorged mosquito densities on counted birds (mammals) of species
“i” (“j”)
qaB,i (q
a
H,j) Apparent contact probability of mosquitoes on counted birds
(mammals) of species “i” (“j”)
14
RB,i (RH,j) Relative contact ratios for birds (mammals) of species “i” (“j”) 15
Host-feeding pattern and
vector role
D1 (D2) Number of undetermined hosts that do (do not) contribute to WNV
cycle
VBH Size of the mosquito subpopulation interacting with dB birds and dH
mammals
B,i (H,j) Forces of infection on birds (mammals) of species “i” (“j”) 16, 18, 19, 21
z Proportion of infectious mosquitoes 17
IB,i (ID,1) No. infectious birds of species “i” (D1 undetermined hosts)
 Per capita mortality rate of mosquitoes
CB,i (CH,j) Vectorial capacity of mosquitoes for infective contacts with birds
(mammals) of species “i” (“j”)
QBB;i,iÕ (PBB;i,iÕ) Enzootic (apparent) probability for mosquitoes successively feeding
on birds of species “i” and “iÕ”
20, 22
QHB;j,i (PHB;j,i) Bridge (apparent) probability for mosquitoes successively feeding on
a bird of species “i” and a mammal of species “j”
20, 22
PBB (PHB) Overall apparent enzootic (bridge) probability 20
QBB (QHB) Overall enzootic (bridge) probability 22
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qB,i
VB,i

i1
dB
VB,i 
j1
dH
VH,j
; qH,j
VH,j

i1
dB
VB,i 
j1
dH
VH,j
[2]
Roughly speaking, the contact probability can be re-
garded as the attractiveness probability the feeding
success. Indeed, the expressions in equation A11 pro-
vide the qÕs as a function of aÕs.
The Conditional Host-Feeding Preference and the
Conditional Host Preference. Now, we can use data
and informationgained fromcollectionsofhost-baited
traps to predict a priori the attractiveness and contact
probabilities for another given situation inwhich both
mosquito and host populations (Bi birds of species “i”
andHjmammalsof species “j”)areknown.To this end,
we deÞne and compute two quantities. First the con-
ditional host preference hB,i (hH,j) for a mosquito
choosing a bird of species “i” (mammal of species “j”)
is given by (see Appendix):
hB,i
mB,i

i1
dB
mB,i 
j1
dH
mH,j
; hH,j
mH,j

i1
dB
mB,i 
j1
dH
mH,j
[3]
where mB,i  MB,i/NB,i and mH,j  MH,j/NH,j are
mosquitodensities onbirdsof species “i” andmammals
of species “j,” respectively, and NB,i  Bi  (WB,i)
3/4
and NH,j  Hj  (WH,j)
3/4 are biomasses or effective
numbers of birds of species “i” andmammals of species
“j.” The conditional host preferences for birds and
mammals as a whole are given by hB  
i1
dB hB,i and
hH  
j1
dH hH,j, such that hB  hH  1. Likewise, the
second quantity of interest is the conditional host-
feeding preference fB,i (fH,j) for a mosquito choosing
and feeding successfully on a bird of species “i” (mam-
mal of species “j”) as (see Appendix):
fB,i
vB,i

i1
dB
vB,i 
j1
dH
vH,j
; fH,j
vH,j

i1
dB
vB,i 
j1
dH
vH,j
[4]
where vB,i  VB,i/NB,i and vH,j  VH,j/NH,j are en-
gorged mosquito densities on birds of species “i” and
mammals of species “j,” respectively. The conditional
host-feeding preferences for birds and mammals as a
whole are given by fB  
i1
dB fB,i and fH  
j1
dH fH,j, such
that fB  fH  1.
Now, the hB,i and hH,j, and fB,i and fH,j obtained
using data from mosquito collections can be used for
a priori prediction of the attractiveness and contact
probabilities ofmosquitoes interactingwithBi birds of
species “i” and Hj mammals of species “j” as (see
Appendix):
aB,i
hB,iNB,i

i1
dB
hB,iNB,i 
j1
dH
hH,jNH,j
;
aH,j
hH,jNH,j

i1
dB
hB,iNB,i 
j1
dH
hH,jNH,j
[5]
and

qB,i
fB,iNB,i

i1
dB
fB,iNB,i
j1
dH
fH,jNH,j

sB,iaB,i

i1
dB
sB,iaB,i
j1
dH
sH,jaH,j
qH,j
fH,jNH,j

i1
dB
fB,iNB,i
j1
dH
fH,jNH,j

sH,jaH,j

i1
dB
sB,iaB,i
j1
dH
sH,jaH,j
[6]
To summarize, data from host-baited trap collections
allow computation of four quantities of interest, as
follows: the apparent attractiveness and contact prob-
abilities from equations 1 and 2, respectively, and the
conditional host and host-feeding preferences from
equations 3 and 4, respectively. More details on both
contents and derivations of these formulas are out-
lined in the Appendix. The obtained conditional host-
feeding preferences can next be used in equation 6 to
predict probabilities of mosquito/host interactions
in other situations of host abundances. The condi-
tional host-feeding preferences characterize the en-
vironment-independent mosquito-feeding behav-
ior, whereas the apparent contact probabilities
describe this behavior when mosquitoes interact with
populations of hosts of different kinds. A mosquito
species classiÞed as ornithophilic (fB  0.5), oppor-
tunistic (fB 0.5), ormammophilic (fB	 0.5)will not
necessarily exhibit an apparent ornithophilic (qB 
0.5), opportunistic (qB 0.5), or mammophilic (qB	
0.5) feedingbehavior,whichwill dependonhost avail-
ability.
Analyzing Identifications of Blood Meal Sources.
Another way to assess the host-feeding pattern is to
collect blood-fed mosquitoes and identify the source
of meals. Full analysis of such data is developed in the
Appendix. In summary, data from blood meal identi-
Þcations alone allow computation of two quantities, as
follows: the host-feeding patterns (probabilities, Õs)
and the apparent contact probabilities (qÕs).
Impact of Host-Feeding Pattern in the Vector Role:
Enzootic Versus Bridge Probabilities in WNV Trans-
mission. To assess the impact of host-feeding pattern
on the WNV transmission, we have to consider the
forces of infection, B,i and H,j, applied by infectious
mosquitoes onbird species “i” andmammal species “j,”
that is, the per susceptible capita probabilities per unit
of time of becoming infected. We have shown in the
Appendix that both B,i and H,j are proportional (up
to some multiplicative constants) to probabilities
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QBB;i,iÕ and QHB;j,i (see equations A19 and A21 in Ap-
pendix), where QBB;i,iÕ  qB,i  qB,iÕ is the enzootic
probability that a mosquito successively feeds twice
on birds of species “i” and “iÕ,” and QHB;j,i qH,j qB,i
the bridge probability that a mosquito feeds Þrst on a
bird of species “i” and next on amammal of species “j.”
According to the hypothesis that the mosquito-feed-
ing choice is independent of feeding history, some
investigators suggested that the apparent probabilities
QBB;i,iÕ and QHB;j,i could be regarded as a measure of
the mosquito speciesÕ ability of playing the roles of
enzootic or bridge vector (D.J.B., unpublished data;
Nelson et al. 1976). The overall enzootic and bridge
probabilities are obtained as:
 QBB i1
dB 
i
1
dB
QBB;i,i
  
i1
dB
qB,i2
QHB 
j1
dH 
i1
dB
QHB;j,i  
j1
dH
qH,j   
i1
dB
qB,i
[7]
IllustrativeApplication toHost-BaitedTrapCollec-
tions in a WNV Focus. In this section, we have rean-
alyzed data from host-baited trap collections carried
out in theCamargue, themainWNV focus of southern
France (Balenghien et al. 2006), to provide an illus-
trative and relatively simple application of the above
deÞnitions and derivations.
Study Sites and Mosquito Collections. The Þrst de-
scription of West Nile fever in southern Europe goes
back to the 1960s with human cases and horse out-
breaks in the Camargue (Rhoˆne River delta, southern
France) (Panthier et al. 1968, Joubert et al. 1970).
After 35 yr of disease absence,WNVequine outbreaks
occurred in the Camargue in 2000 (80 cases) and
2004 (40 cases), and WNV circulation was detected
by seroconversions of avian sentinels in 2001 and 2002
(Murgue et al. 2001, Zeller et al. 2004, Zeller and
Schuffenecker 2004). In this area, WNV transmission
occurs both in wetlands and in dry areas (Jourdain et
al. 2007).
Mosquito collections were carried out weekly from
May toOctober 2004with bird- andhorse-baited traps
in two sites where WNV transmission was reported in
the 2000s (Murgue et al. 2001, Zeller and Schuff-
enecker 2004): one study site in the delta wetlands
(the Tour du Valat site), and the other in a riding
center in a dry area (the Lunel-Viel site) (Balenghien
et al. 2006). In each site, two birds (ducks) and one
horse were exposed to mosquito bites during consec-
utive 24 h. Mosquitoes collected were sorted by spe-
cies, sex, and engorgement status (engorged or not)
(Balenghien et al. 2006).
For comprehension, Fig. 1 brießy summarizes the
main results previously published (Balenghien et al.
2006). Differences in mosquito abundance and diver-
sity between the two study sites illustrate the ecolog-
ical differences between the wetlands (Tour du Valat
site) and dry areas (Lunel-Viel site). Wetlands offer
large breeding sites (numerous marshes and rice
Þelds) for Anopheles and Aedes species, whereas dry
areas offer restricted artiÞcial breeding sites colonized
byCx. pipiens andCuliseta annulata (Balenghien et al.
2006).
Assessment of Mosquito Host-Feeding Patterns.
The subsystem considered consists of a single bird
species (i  1) of two ducks (B1  2) and a single
mammal species (j 1)of ahorse (H1 1),where the
other birds and mammals (including other ducks and
horses) of the environs were included in the dilution
term.Aswe aredealingwith single species, the indices
“i” and “j” will be dropped in what follows. The num-
ber of mosquitoes MB and MH, respectively, attracted
to the duck and horse-baited traps was recorded for
each collection day at each study site. For each col-
lection day for which the number of collected mos-
quito of species under consideration was 10, the
quantities aB, hB, sB, and sH were determined from
experimental data. The apparent attractiveness prob-
ability aB was directly computed from equation 1. The
Fig. 1. Diversity ofmosquitoes collected in a horse-baited trap and twoduck-baited traps at awetland site (Tour duValat;
22 collection days) and at a dry site (Lunel-Viel; 21 collection days) of the Camargue, the main WNV focus in France.
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conditional host preference was computed from the
second equality of the equation 3 with weights of
ducks WB  5 kg and horses WH  400 kg, and such
that the horse/duck biomass ratio was NH/NB 26.7.
The feeding success rates sB and sH were obtained by
dividing the number of engorged females by the total
number of females collected in the trap (Nelson et al.
1976).Means and standard deviations of aB, hB, sB, and
sH were calculated from daily values computed for
each collection. Standard deviations could be re-
garded as effects of daily variations in host-feeding
pattern parameters because of environmental condi-
tions, that is, changes in eB and eH, as discussed above.
These quantitieswere not normally distributed and,
thus, were compared using nonparametric tests (Sie-
gel and Castellan 1988). First, we tested whether the
conditional host preference was different from 0.5 for
each species using the Wilcoxon signed rank test.
Second, at the Tour du Valat site, we assessed globally
a speciÞc difference in distributions of apparent at-
tractiveness probabilities, conditional host prefer-
ences, and feeding success rates using the Friedman
test (k paired samples). Then distributions of these
quantities were compared between species two by
two using the Wilcoxon signed rank test (two paired
samples) (Siegel and Castellan 1988). Third, for Cx.
pipiens, the difference between the two sites was as-
sessedusing theW-M-Whitney test (two independent
samples) (Siegel and Castellan 1988). The correlation
between these quantities and the mosquito density or
the weekly temperature (recorded by Me´te´oFrance
stations) was assessed by calculating the Spearman
coefÞcient (Siegel and Castellan 1988). All statistical
analyseswereperformedwitha signiÞcant level of	
0.05 and using the freeware R (R Development Core
Team 2003).
Predictionof theEnzootic andBridgeProbabilities.
We considered a subsystem with one bird and one
mammal species. Enzootic and bridge probabilities
were given by the combination of equations 6 and 7.
We conducted a sensitivity analysis for both proba-
bilities using the extended Fourier amplitude sensi-
tivity test (extended-FAST)with the freeware R (Sal-
telli et al. 1999). Brießy, this method allowed the
computation of the total contribution of each param-
eter to the variance of the probabilities (i.e., the main
effect of the factor plus all interaction terms involving
that factor). This analysis aimed to assess the relative
weight of each parameter in the calculation of both
probabilities. The variation ranges were 0Ð1 for hB
(with hH  1-hB); sB and sH, 1Ð1,000 for B and H;
0.005Ð15 kg for WB; and 1Ð500 kg for WH.
Then we considered each mosquito species identi-
Þed as biting both duck and horse and characterized
by hB, sB, and sH. The host-feeding pattern, that is, the
apparent attractiveness/contact probabilities, calcu-
lated directly from Þeld data assessed the apparent
feeding behavior of these mosquito species in the
particular environmentofhost-baited trapcollections,
that is, two ducks, one horse, and an undetermined
number of other hosts. We used equations 6 and 7 to
predict theoretically the enzootic and bridge proba-
bilities of these species in different contexts of bird to
horse biomass ratio NB/NH.
Results
Host-Feeding Pattern. The apparent attractiveness
probability toduckaB, theconditional host preference
hB, and the feeding rates on duck sB and horse sHwere
calculated for eight mosquito species at the wetland
site (Tour du Valat) and for three mosquito species at
the dry site (Lunel-Viel) (Table 2).
Conditional host preference of hB  0.5 would in-
dicate the likely preference for duck or horse. For all
species, hB differed from 0.5 (P 	 0.01). The condi-
tional host preference forCx. pipienswas not different
between the two sites, but it was higher than that for
Table 2. Parameters of the host-feeding pattern for collected species
Species
No.
daysa
Total no. females (engorged) Apparent
attractiveness
aB (%)
b
Conditional host
preference
hB (%)
Feeding success rates (%)
on bird on horse on bird sB on horse sH
Wetland - Tour du Valat
Aedes caspius 21 34 (9) 43,514 (39,344) 0.13 0.23a 1.6 2.7a 21 28.1a 90.5 6.4a
Aedes detritus s.l. 8 0 530 (459) 0 0 Ð 84.4 7.0
Aedes vexans 21 31 (12) 40,744 (34,897) 0.11 0.25a 1.3 3.0a 46.3 43.9abc 90.1 7.5a
Anopheles
maculipennis s.l.
21 0 40,529 (37,998) 0 0 Ð 93.4 3.3a
Anopheles hyrcanus 10 8 (2) 6,638 (5,864) 0.04 0.08a 0.6 1.0a 13.3 18.9 90.3 4.1a
Culiseta annulata 12 0 320 (290) 0 0 Ð 89.8 6.3
Culex pipiens 17 1,338 (772) 162 (87) 75.9 21.6b 96.5 4.9b 55.3 19.8b 50.1 14.1b
Culex modestus 9 157 (124) 390 (314) 31.7 15.3c 83.4 7.4c 80.6 12.0c 77.3 10.1c
Dry site - Lunel-Viel
Aedes caspius 5 0 135 (130) 0 0 Ð 96.1 2.5
Culiseta annulata 4 0 51 (48) 0 0 Ð 93.6 3.9
Culex pipiens 13 729 (464) 568 (250) 59.1 23.1 93.3 5.3 64.5 16.7 43.7 19.4
a Number of collection days with 10 mosquitoes of the species under consideration.
b Mean SD. For each column, the reported values followed by the same lowercase letterwere not statistically different at	 0.05, whereas
those free of letters were not compared because of the lack of data (not enough common days with10mosquitoes of each species collected):
feeding success rate on horse ofAe. detritus s.l. was higher than that ofAe. caspius, Ae. vexans, andAn. maculipennis s.l., but cannot be compared
with other species; feeding success rate on horse of C. annulata was not different from rates of Ae. caspius, Ae. vexans, and An. maculipennis
s.l., but cannot be compared with other species.
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Culex modestus (P 	 0.01), indicating a greater bird
(or at least duck) preference of Cx. pipiens. Host-
feeding pattern of Cx. modestus illustrated that an
ornithophilic species (hB  83.4) can exhibit an ap-
parent opportunistic behavior (aB 31.7). At the dry
Lunel-Viel site, data were not sufÞcient for statistical
tests between species. For both sites, the conditional
host preferences were not correlated with mosquito
density, that is, the total number of mosquitoes col-
lected per day. At the wetland Tour du Valat site,
probabilities aB were not statistically different for
Aedes and Anopheles species, but were statistically
different among Cx. pipiens, Cx. modestus, and the
other species (P	 0.01), showing a greater probability
for Culex species to feed on duck.
At the Tour du Valat site, the feeding rates on duck
sB were statistically different for Cx. modestus, Cx.
pipiens, and Aedes caspius (P 	 0.05). At this site, Cx.
pipiens exhibited amoderate feeding rate on horse sH,
Cx. modestus a high sH, and the other species (Aedes
andAnopheles) a very high sH (P	 0.05). The feeding
rate on horse sH was higher than the feeding rate on
duck sB for Ae. caspius at the Tour du Valat site,
whereas we observed the reverse forCx. pipiens at the
Lunel-Viel site (P 	 0.05). There was no signiÞcant
difference between these rates for Aedes vexans, Cx.
pipiens, andCx.modestus at theTour duValat site. The
feeding rates sB and sH were not correlated with the
total number of mosquitoes collected on the host un-
der consideration. It is worthwhile to note that the
feeding rate on horse sH for Cx. pipiens at the Lunel-
Viel site is found slightly positively correlatedwith the
mean weekly temperature (rs  0.63, P  0.02), re-
corded by the Me´te´oFrance station of Ve´rargues
(town near to Lunel-Viel site).
Enzootic and Bridge Probabilities. The conditional
host preference showed the main contribution to the
variance of enzootic and bridge probabilities (Fig. 2).
Other parameters contributed quite equally to the
variance of both probabilities, with a slightly higher
inßuence of mammal parameters for the enzootic
probability.
The probabilities to feed twice on a bird (QBB) and
to feed Þrst on a bird and then on a mammal (QHB)
were plotted as a function of the host availability for
mosquito species identiÞed as biting both bird and
mammal:Cx.modestus, Cx. pipiens, Ae. caspius, andAe.
vexans (Fig. 3).Anopheles hyrcanuswas not taken into
account because only two females were collected en-
gorged on bird during all the collections.
Enzootic probability was high only in Culex species
(Fig. 3). This probability was higher for Cx. modestus
than for Cx. pipiens for a wide range of biomass ratios,
because of the higher feeding rate on bird of Cx.
modestus and despite the higher conditional host pref-
erence for Cx. pipiens. Bridge probability was high for
Culex species and null for Aedes species in the situa-
tions of low bird-to-mammal ratio of biomasses, and
conversely, in the opposite situation of bird-to-mam-
mal ratio (Fig. 3).
Discussion
Following the description of several authors (Dow
et al. 1957; Edman and Kale 1971; Edman et al. 1972,
1974; Scott and Edman 1991; Clements 1999), we have
proposed a theoretical framework to quantify mos-
quito host-feeding pattern. Assuming a homogenous
mixing hypothesis in the interactions between mos-
quitoes and hosts, we have derived expression of the
apparent attractiveness/contact probabilities and the
conditional host preference, which allowed a quanti-
Þcation of mosquito host-feeding pattern from host-
baited trap collections. Blood meal identiÞcation data
are more delicate to analyze because of the uncer-
tainty of thehost enumeration and thepossible under-
or overestimate of the number of hosts from which
mosquitoes have engorged upon.
Fig. 2. First order and total Sobol indices estimated for each parameter of the enzootic and bridge probabilities using the
extended Fourier amplitude sensitivity test.
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As an illustrative example, data from horse- and
duck-baited trap collections were reanalyzed. Mam-
mophilicAedesandAnopheles speciesexhibitedalmost
the same feeding behavior, with, for all species, a very
low conditional host preference, a very high feeding
rate on horse, and a low feeding rate on ducks. Orni-
thophilicCulex species appeared to bemore attracted
by horse than the mammophilic species were by
ducks, and the feeding rates on duck and on horse
were equivalent in Culex species contrary to mammo-
philic species. Within Culex species, Cx. pipiens ap-
peared more ornithophilic than Cx. modestus, and
both feeding rates were higher inCx. modestus than in
Cx. pipiens. Such a high aggressiveness ofCx.modestus
against mammals in the Camargue was previously re-
ported (Callot and Ty 1944Ð1945, Rioux 1958,
Mouchet et al. 1970). Feeding rates are usually de-
scribed as mainly related to host-defensive behavior,
which varies both from host to host and with the
intensity of mosquito attacks. In general, large host
species are more tolerant to mosquito attacks than
small species (Edman and Kale 1971, Edman et al.
1974, Scott and Edman 1991). When the mosquito
density gets higher, the host-defensive behavior usu-
ally increases, thereby resulting in a decrease of the
feeding rate (Edman et al. 1972, Nelson et al. 1976).
Our Þnding tends to suggest that, in addition to host-
defensive behavior, the feeding rate depends also on
themosquito species (e.g., differences in feeding rates
of Culex species on duck). In the absence of correla-
tions between feeding rates and mosquito densities,
we found the horses in wetlands to be very tolerant
hosts (up to 18,000 mosquitoes collected engorged in
the horse-baited trap in 1 collection day). Similarly,
ducks also appeared to be tolerant hosts as they al-
lowed high feeding rates (up to 80% forCx. modestus)
in comparison with other bird species (Dow et al.
1957, Edman and Kale 1971, Nelson et al. 1976, Scott
and Edman 1991). Nevertheless, some defensive re-
actions(beakpecks)wereobserved, and themosquito
density remained relatively low (maximum of 270
mosquitoes collected in one duck-baited trap in 1
collection day). Moreover, feeding rates assessed in
animal-baited traps couldbeoverestimatedbecauseof
impossibility of somehost-defensive behaviors such as
ßocking, herd structure, movement, or grooming. At
the dry site, the feeding rate on horse for Cx. pipiens
showed an increase with temperature. Seasonal shifts
in feeding habits from birds to mammals have been
observed in Culex species, for example, Culex tarsalis
and Culex nigripalpus, and weather conditions such as
temperature and atmospheric moisture could explain
this mosquito feeding shift (Tempelis et al. 1967, Ed-
manandTaylor 1968).At this dry site, feeding ratewas
lower on horse than on duck for Cx. pipiens. Never-
theless, Cx. pipiens eggs were observed in water pail
left for the horse in the baited trap. This observation
may suggest that some unfed females collected in
horse-baited trap were not host-seeking females, but
postlaying ones. If so, both the feeding rate on horse
and the conditional host preference in Cx. pipiens
would appear artiÞcially smaller.
We wonder whether the quantiÞcation of host-
feeding pattern and the following considerations pro-
vided by horse- and duck-baited trap collections can
be extrapolated to a general situation involving one
mammal species and several differentbird species. For
instance, ducks were chosen for handling conve-
nience andnot because of a potential key role inWNV
transmission as an amplifying host. First, we have to
assume that the innate tendency for duck (B)will not
differ from the innate tendency for other bird species
under consideration, as suggested by Dow et al.
(1957), and symmetrically for mammal species, espe-
cially as conditional host preference was identiÞed as
the most inßuent parameter for both enzootic and
bridge probabilities in sensitivity analysis. Secondly,
wehave to assume that the feeding rates onducks (sB)
and horses (sH) will not differ from the feeding rates
on host under consideration. By deÞnition, bird spe-
Fig. 3. Probabilities of successively feeding twice on bird, QBB, and that of feeding Þrst on bird and next onmammal, QHB,
as a function of the bird-to-mammal biomasses ratio NB/NH. Apparent contact probabilities were calculated from equation
6usingconditionalhostpreferences(orapparent attractivenessprobabilities)and feeding ratesgiven inTable2at thewetland
site for Cx. modestus, Ae. vexans, and Ae. caspius and at both sites for Cx. pipiens (TDV, Tour du Valat site; LV, Lunel-Viel
site).
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cies amplifying WNV may be tolerant to mosquito
attacks because they are used to being bitten by mos-
quitoes. With these assumptions and assuming that all
individuals are equally bitten by mosquitoes, we can
use the quantiÞcation of host-feeding pattern to pre-
dict enzootic and bridge probabilities of these mos-
quito species underdifferentbird-to-mammal ratios of
biomasses, and therefore, discuss the potential species
role in WNV transmission.
The probability of feeding twice on bird (QBB) was
high only in Culex species, and thus, these species are
obviously the main potential enzootic vectors. More
interesting, this probability was higher for Cx. mod-
estus than for Cx. pipiens for a wide range of biomass
ratios, because of thehigher feeding rate onbird ofCx.
modestus and despite the higher conditional host pref-
erence forCx. pipiens.ThisÞnding shows that themost
ornithophilic species are not necessarily the best en-
zootic vector; the feeding rate on bird sB needs to be
taken into account. The inßuence of host abundance
on the probability of feeding Þrst on a bird and then
on a mammal (QHB) was very instructive. This prob-
ability was high for Culex species and null for Aedes
species in the situations of low bird-to-mammal ratio
of biomasses, and conversely (i.e., null and high QHB
for Culex and Aedes species, respectively), in the op-
posite situation of bird-to-mammal ratio. Host abun-
dance appears thus as a critical component in WNV
transmission to mammals. The bridge vector role
should be considered regarding not only the host-
feeding behavior, but also the spatio/temporal
changes inhost abundance(D.J.B., unpublisheddata),
which can result in variations in the role of different
species or populations. For instance, in this area, as
Culex species are the only species found to date to be
competent for WNV (Balenghien et al. 2007, 2008),
WNV transmission to mammals would occur only in
large mammal-to-bird ratio of biomass, and host avail-
ability would explain spatial heterogeneity of trans-
mission. Differences between QHB for Cx. modestus
and for Cx. pipiens are explained by higher feeding
rates on both bird and mammal and a lower condi-
tional host preference for Cx. modestus.
Probabilities derived above are valid under the ho-
mogenousmixinghypothesis and, therefore, shouldbe
interpreted on average. For instance, the spatial het-
erogeneity in host distribution could change the in-
teraction patterns betweenmosquitoes and hosts and,
therefore, affect the contact probabilities. Compari-
sons between mosquito host-feeding patterns under
controlled environment (experimentation in net sta-
ble) and in the Þeld (with different host distribution
patterns) may improve our understanding of the in-
ßuence of host spatial heterogeneity on mosquito
host-feeding pattern. Moreover, theoretical deriva-
tions dealing with spatial heterogeneity in host distri-
bution will be addressed in future papers.
Finally, the aim of this work was not to conclude
deÞnitely on the vector role of mosquito species; the
host-feeding pattern study is just one step of theWNV
risk assessment. Needless to say, Þnal risk assessment
will be obtained by including other parameters of the
vectorial capacity, such as biting rate, mosquito lon-
gevity, and vector competence. Moreover, we believe
that this theoretical framework is useful to quantify
vectorhost-feedingpattern and to infer their potential
role in transmission of vector-borne pathogens. The
use of this framework to standardize analyses of other
experimental datawill help to improve our knowledge
of vector feeding behavior.
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Appendix 1: Formulation and Theoretical
Derivations
This section describes the theoretical framework
and outlines complete derivations of all formulae re-
ported in the main text.
Modeling Mosquito/Host Contact: an Illustrative
Example. Consider a thought experiment in which a
host-seeking population of mosquitoes is interacting
with a single bird of species “i” and a single mammal
of species “j.”Somemosquitoeswill be attractedeither
to the bird or to the mammal and some will not, and
among those attracted to hosts, some will successfully
feed on them. Suchmosquito/host interactions can be
characterized by the contact probability s involv-
ing the following two quantities: the raw relative host
attractiveness , which represents the mosquito re-
sponse to host stimuli (Clements 1999), and the feed-
ing success rate s, which dependsmainly on defensive
reactions of the potential host species (Edman and
Kale 1971, Edman et al. 1974). In this experiment, the
raw relative attractiveness B,i and H,j are the prob-
abilities of mosquitoes to be attracted by the bird and
mammal, respectively, with B,i  H,j 
 1, as it is
likely that aproportionofmosquitoes arenot attracted
to either bird or mammal hosts. Denoting by sB,i and
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sH,j the feeding success ratesofmosquitoesonbirdand
mammal hosts, respectively, the proportion of mos-
quitoes attracted to and successfully feeding on the
bird and mammal is, respectively, given by sB,i  B,i
and sH,j  H,j.
Main factors known to govern the raw attractive-
ness are the innate tendency ofmosquitoes to strongly
respond to a class of hosts (birds, mammals) and the
host size (Dowet al. 1957,Edmanet al. 1974,Clements
1999). Accordingly, the interaction between a mos-
quito and a host, characterized in this study by , can
be decomposed into the product of three factors, as
follows:  the innate tendency “” for the mosquito
to feeduponahost species theenvironmental factor
“e” allowingmediation of the odor plume from host to
mosquito  the host size factor “w” that accounts for
the host effect in the shape and intensity of the odor
plumeemanating fromthehost.As an innateproperty,
 is by deÞnition an environment-independent vari-
able subjected to vary between mosquito individuals,
whereas “e” is a factor sensitive to environment, es-
pecially meteorological conditions (wind, humidity).
In our thought experiment, mosquito attraction to the
bird or mammal hosts depends on the relative avail-
ability of odor plumes emanating from each host, and
is characterized by the raw attractivenessB,i B,i
eB,i  wB,i (H,j  H,j  eH,j  wH,j) of mosquitoes
to the bird (mammal) of species “i” (“j”).We foundno
consensus in the literature to estimate the host size
factorswB andwH (Dowet al. 1957, Edman et al. 1974,
Clements 1999). For instance, Kay et al. (1979) used
simply the host weight to account for host effect.
However, having inmind that attractiveness is related
to host emanations (carbon dioxide, heat, odors), we
choose to assume that the host size factor is propor-
tional to the host basal metabolism using the KleiberÕs
allometric scaling as wB,i  c(WB,i)
3/4 and wH,j 
c(WH,j)
3/4, where c is a proportional constant and W
the host body weight. With this assumption, the raw
attractiveness of bird and mammal hosts for mosqui-
toes becomes (up to a proportional constant) B,i 
B,i  eB,i  (WB,i)
3/4 and H,j  H,j  eH,j 
(WH,j)
3/4 (see Table 1).
The mosquito-host contacts have been character-
ized between mosquitoes and one bird and one mam-
mal, that is, at an individual level. We will now extend
these considerations at the population level when
dealingwith hosts of different kinds and various abun-
dances to characterize themosquito host-feeding pat-
terns.
Host-Feeding Pattern and Apparent Contact Prob-
abilities. The host-feeding pattern of a mosquito spe-
cies represents the feedingprobabilities ona spectrum
of available hosts and reßects altogether the relative
attractiveness to the host, acceptability of the poten-
tial hosts for mosquito feeding on, and the relative
available host abundance (Clements 1999). To derive
the probabilities characterizing mosquito/host inter-
actions, we consider an environmental system model
(scaled by the effective searching distance of mosqui-
toes) comprising a single species of V host-seeking
female mosquitoes interacting with Bi birds of species
“i” (i  1, 2, . . . , dB), Hj mammals of species “j” (j 
1, 2, . . . , dH), and D, other undetermined potential
availablehosts (includingbothbirds andmammals not
counted in dB and dH, and unseen individuals belong-
ing to dB and dH), where dB and dH denote the bird
and mammal diversities (Table 1). We assume that all
host andmosquitopopulations are stationary andmos-
quitoes can interact all the timewith hosts that remain
indeÞnitely available. In addition, we relax the con-
straint on the structure, distributions of host popula-
tions, andmosquito/host contact histories to assume a
homogenousmixing hypothesis in the interactions be-
tween mosquitoes and hosts.
Under these conditions in such an environmental
system model, the (expected) host-feeding pattern of
mosquitoes for bird and mammal hosts is given by:

B,i
B,isB,iBi

i1
dB
B,isB,iBi 
j1
dH
H,jsH,jHj DsDD
H,j
H,jsH,jHj

i1
dB
B,isB,iBi 
j1
dH
H,jsH,jHj DsDD
D
DsDD

i1
dB
B,isB,iBi 
j1
dH
H,jsH,jHj DsDD
[A1]
where B,i (H,j) is the raw attractiveness of birds of
species “i” (mammals of species “j”) for this mosquito
species, sB,i (sH,j) is the feeding success rate of this
mosquito species on this bird species (mammal spe-
cies), and the dilution term DsDD stands for the
overall attractive weight of the unknown available
hosts for mosquitoes (Gubbins et al. 2008). The B,i
(H,j) is the probability that a mosquito is attracted to
and successfully feeds on birds (mammals) of species
“i” (“j”) in a system model with host abundances,
as described above, such that 
i1
dB B,i  
j1
dH H,j
 D  1. The expressions in equation A1 provide
the host-feeding pattern (or renormalized contact
probabilities) as a combination of the raw host attrac-
tiveness for a mosquito species, feeding success rates,
and host availability. Unfortunately, the host-feeding
pattern B,i and H,j may not be calculable directly
from Þeld data mainly because of the unknown dilu-
tion term. To overcome this, we may deal with the
apparent contact probabilities q, obtained by elimi-
nating the dilution term from equation A1 to give:
qB,i
B,i

i1
dB
B,i 
j1
dH
H,j
; qH,j
H,j

i1
dB
B,i 
j1
dH
H,j
[A2]
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As deÞned, the qB,i (qH,j) is the apparent probability
that a mosquito is attracted to and feeds successfully
on birds (mammals) of species “i” (“j”) in a system
model with the given relative host abundances. The
apparent contact probabilities with birds and mam-
mals as a whole are obtained as qB  
i1
dB qB,i and
qH  
j1
dH qH,j, respectively. In contrast to the Õs, we
now have qB  qH  1. Now, we will show how the
mosquito host-feeding patterns can be quantiÞed by
using Þeld data from host-baited collections or from
identiÞcations of blood meal sources.
Analyzing Host-Baited Collections. One way to
learn the feeding behavior is to collect host-seeking
mosquitoes with a system of host-baited traps involv-
ing, for instance,Bi birdsof species “i” andHjmammals
of species “j” (one animal by trap) in an environment
system model, as described above. We denote by MB,i
andMH,j themean number of mosquitoes collected in
a trap baitedwith (and therefore attracted to) birds of
species “i” andmammals of species “j,” and by VB,i and
VH,j themean number of engorged females on birds of
species “i” and mammals of species “j,” and such that
VB,i sB,iMB,i and VH,j sH,jMH,j by deÞnition.
Apparent Attractiveness and Contact Probabilities.
The apparent attractiveness probabilities “a” can be
obtained from mosquito collections as:
aB,i
MB,i

i1
dB
MB,i 
j1
dH
MH,j
; aH,j
MH,j

i1
dB
MB,i 
j1
dH
MH,j
[A3]
where aB,i (aH,j) is the apparent probabilities that a
mosquito is attracted to a bird (mammal) of species
“i” (“j”). The apparent attractiveness for birds and
mammals as a whole is given by aB  
i1
dB aB,i and
aH  
j1
dH aH,j, respectively, with aB  aH  1.
Now, starting from the deÞnitions, VB,i  B,i  V
and VH,j  H,j  V (where V is the mosquito pop-
ulation size), and using these relations in equation A2
yields the expressions for the apparent contact prob-
abilities for collected engorged mosquitoes as:
qB,i
VB,i

i1
dB
VB,i 
j1
dH
VH,j
; qH,j
VH,j

i1
dB
VB,i 
j1
dH
VH,j
[A4]
Note that in the case that animal-baited traps do not
allow mosquito engorgement, equation A4 reduces
to equation A3 by setting sB,i  sH,j  1 in equation
A4.
The Conditional Host-Feeding Preference and the
Conditional Host Preference. Apparent attractiveness
and contact probabilities calculated from Þeld data
using equations A3 and A4 represent the apparent
host-feeding pattern of mosquitoes within the envi-
ronmentwhere data have been collectedwith Bi birds
of species “i,” Hj mammals of species “j,” and D, un-
determined potential available hosts. Therefore, they
cannot be used as such elsewhere. However, one
might need to predict a priori what would be the
attractiveness and contact probabilities for a given
situation inwhichbothmosquito andhost populations
are known. This can be achieved by deriving expres-
sions for attractiveness and contact probabilities as
functions ofmosquito host preferences andhost abun-
dances.
To this end, we start from equation A2 in which the
probabilities Õs are replaced by their expressions in
equation A1, wherein the Õs are replaced by their
expressions derived above to give the apparent con-
tact probabilities as:

qB,i
B,ieB,isB,iNB,i

i1
dB
B,ieB,isB,iNB,i 
j1
dH
H,jeH,jsH,jNH,j
qH,j
H,jeH,jsH,jNH,j

i1
dB
B,ieB,isB,iNB,i 
j1
dH
H,jeH,jsH,jNH,j
[A5]
where NB,i  Bi  (WB,i)
3/4 and NH,j  Hj 
(WH,j)
3/4 are biomasses or effective numbers of
birds of species “i” and mammals of species “j.” To
eliminate the unknown innate tendencies B,i and
H,j and environmental factors eB,i and eH,j, we de-
Þne two quantities. First is the conditional host-
feeding preference fB,i (fH,j) for a mosquito choos-
ing and feeding successfully on a bird of species “i”
(mammal of species “j”) as:

fB,i
B,ieB,isB,i

i1
dB
B,ieB,isB,i
j1
dH
H,jeH,jsH,j

vB,i

i1
dB
vB,i
j1
dH
vH,j
fH,j
H,jeH,jsH,j

i1
dB
B,ieB,isB,i
j1
dH
H,jeH,jsH,j

vH,j

i1
dB
vB,i
j1
dH
vH,j
[A6]
where vB,i  VB,i/NB,i and vH,j  VH,j/NH,j are en-
gorged mosquito densities on birds of species “i” and
mammals of species “j,” respectively. The conditional
host-feeding preferences for birds and mammals as a
whole are given by fB  
i1
dB fB,i and fH  
j1
dH fH,j, such
that fB fH 1. First equalities in the right-hand side
of equation A6 represent deÞnitions of fB,i and fH,j,
whereas the second equalities, which result from al-
gebra using combination of equations A4 and A5, are
used to calculate fB,i and fH,j from Þeld data. By con-
struction, fB,i and fH,j are environment-dependent
variables, thereby eB,i and eH,j. However, repetition of
host-baited trap collections (including changing trap
positions) allows to average out the inßuence of me-
teorological factors (i.e., eB,i and eH,j31), thus result-
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ing in almost environmental-independent conditional
host preferences fB,i and fH,j.
The second quantity is the conditional host prefer-
ence hB,i (hH,j) for a mosquito choosing a bird of
species “i” (mammal of species “j”). The hB,i and hH,j
are obtained by taking the limit sB,i  sH,j  1 in the
expressions of fB,i and fH,j to give:

hB,i
B,ieB,i

i1
dB
B,ieB,i 
j1
dH
H,jeH,j

mB,i

i1
dB
mB,i 
j1
dH
mH,j
hH,j
H,jeH,j

i1
dB
B,ieB,i 
j1
dH
H,jeH,j

mH,j

i1
dB
mB,i 
j1
dH
mH,j
[A7]
where mB,i  MB,i/NB,i and mH,j  MH,j/NH,j are
mosquitodensities onbirdsof species “i” andmammals
of species “j,” respectively. The hÕs have similar prop-
erties than the fÕs deÞned above.
Now, plugging back the expressions of fB,i and fH,j
into equation A5, we end up with the following
expressions for the apparent contact probabilities
as:
qB,i
fB,iNB,i

i1
dB
fB,iNB,i 
j1
dH
fH,jNH,j
;
qH,j
fH,jNH,j

i1
dB
fB,iNB,i 
j1
dH
fH,jNH,j
[A8]
and, similarly, the apparent attractiveness probabili-
ties are found given by:
aB,i
hB,iNB,i

i1
dB
hB,iNB,i 
j1
dH
hH,jNH,j
;
aH,j
hH,jNH,j

i1
dB
hB,iNB,i 
j1
dH
hH,jNH,j
[A9]
The expressions for aB,i and aH,j are obtained from
those of qB,i and qH,j by replacing fB,i and fH,j by hB,i
and hH,j. Note that the expressions in equation A8
are equivalent to that in equationA5, except that the
unknown effective tendencies  the feeding rates
are now replaced by the computable conditional
host-feeding preferences. Interestingly, the condi-
tional host-feeding preferences can be rewritten
as:
fB,i
hB,isB,i

i1
dB
hB,isB,i 
j1
dH
hH,jsH,j
;
fH,j
hH,jsH,j

i1
dB
hB,isB,i 
j1
dH
hH,jsH,j
[A10]
and, similarly, the apparent contact probabilities are
found given by:

qB,i
hB,isB,iNB,i

i1
dB
hB,isB,iNB,i
j1
dH
hH,jsH,jNH,j

sB,iaB,i

i1
dB
sB,iaB,i
j1
dH
sH,jaH,j
qH,j
hH,jsH,jNH,j

i1
dB
hB,isB,iNB,i
j1
dH
hH,jsH,jNH,j

sH,jaH,j

i1
dB
sB,iaB,i
j1
dH
sH,jaH,j
[A11]
To summarize, data from host-baited trap collec-
tions allow computation of four quantities of interest,
as follows: the apparent attractiveness and contact
probabilities from equations A3 and A4, respectively,
and the conditional host-feeding and host preferences
from second equality of equations A6 and A7, respec-
tively. The obtained conditional host-feeding prefer-
ences can next be used in equation A8 to predict
probabilities of mosquito/host interactions in other
situations of host abundances. The conditional host-
feeding preferences characterize the environment-
independent mosquito-feeding behavior, whereas the
apparent contact probabilities describe this behavior
whenmosquitoes interact with populations of hosts of
different kinds.
Analyzing Identifications of Blood Meal Sources.
Another way to assess the host-feeding pattern is to
collect blood-fed mosquitoes and identify the source
of meals. Accordingly, we denote by VB,i and VH,j the
number of engorged females identiÞed as feed on
birds of species “i” and on mammals of species “j” and
byVD the females engorgedonotherhost species such
that the total number of collected engorged females is
V  
i1
dB VB,i  
j1
dH VH,j  VD. Assuming that col-
lectedmosquitoeswere all seeking forhostswithin the
study area and that conditions stated above hold, the
mosquito host-feeding patterns can be calculated as:
B,i
VB,i

i1
dB
VB,i 
j1
dH
VH,j VD
;
H,j
VH,j

i1
dB
VB,i 
j1
dH
VH,j VD
[A12]
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andD  1  
i1
dB B,i  
j1
dH H,j. In addition, using
VB,i and VH,j in equation A4, the apparent contact
probabilities qB,i and qH,j can also be computed just
like in host-baited data. As emphasized above, these
quantities depend on the number of present hosts.
Thus, it is not possible to go further in the inter-
pretation of host-feeding pattern without enumer-
ation of the hosts potentially involved in mosquito
feeds.
The Apparent Conditional Host-Feeding Preference.
To interpret correctly data from blood meal origin,
it is mandatory to enumerate or estimate the total
number of available hosts in the area under study.
We denote by Bai the number of apparent birds of
species “i” (i  1, 2, . . . , dB), and H
a
j that of
mammals of species “j” (j  1, 2, . . . , dH). The D
hosts are those identiÞed from mosquito blood
meals, but not found and not counted in the host
enumeration. The main difÞculty in interpreting
identiÞcations of blood meal source is the uncer-
tainty in the host enumeration. Indeed, some bird
and mammal individuals belonging to dB and dH
cannot be seen, such that Bi  B
a
i  unseen bird
individuals and Hj  H
a
j  unseen mammal indi-
viduals (i.e., Bi  B
a
i and Hj H
a
j). Or, conversely,
some bird and mammal individuals belonging to dB
and dH can be counted, whereas these individuals
are not accessible for host-seeking mosquitoes, such
that the total number of birds Bi inaccessible bird
individuals Bai and of mammals Hj  inaccessible
mammal individuals  Haj (i.e., Bi 	 B
a
i and Hj 	
Haj). Thus, in general, the number of hosts onwhich
mosquitoes have fed upon does not necessarily co-
incide with that of counted hosts.
Now, following the same reasoning as for data from
host-baited trap collections,wedeÞne like in equation
A6 the apparent conditional host-feeding preferences
faB,i (f
a
H,j) for a mosquito choosing and successfully
feeding on a counted bird of species “i” (mammal of
species “j”) as:

fB,i
a 
vB,i
a

i1
dB
vB,i
a  
j1
dH
vH,j
a
fH,j
a 
vH,j
a

i1
dB
vB,i
a  
j1
dH
vH,j
a
[A13]
where NB,i
a  Bi
a  (WB,i)
3/4 and NH,j
a  Hj
a 
(WH,j)
3/4 are biomasses or effective numbers of
counted birds of species “i” and mammals of species
“j,” and vaB,i  VB,i/N
a
B,i and v
a
H,j  VH,j/N
a
H,j are
engorged densities on counted birds of species “i” and
mammals of species “j,” respectively. Likewise, the
apparent contact probabilities are given by:
qB,i
a 
fB,i
a NB,i
a

i1
dB
fB,i
a NB,i
a  
j1
dH
fH,j
a NH,j
a
;
qH,j
a 
fH,j
a NH,j
a

i1
dB
fB,i
a NB,i
a  
j1
dH
fH,j
a NH,j
a
[A14]
Note that neither apparent conditional host pref-
erences nor apparent attractiveness probabilities can
be calculated from data of blood meal identiÞcations
as relative host preferences and feeding success rates
cannot be separated.
Relative Contact Ratios. We consider the relative
contact ratios of the contact probabilities as:
RB,i
qB,i
qB,i
a ; RH,j
qH,j
qH,j
a [A15]
where qB,i and qH,j are obtained from the ratios of VB,i
andVH,j in equationA4as explainedabove, andq
a
B,i and
qaH,j using equation A14. These ratios allow to highlight
anapparentoveruse(R1)orunderuse(R	1)ofhost
species under consideration by mosquitoes. This can be
because of the following: 1) an underestimation of the
number of hosts involved (i.e., Bi  B
a
i and Hj  H
a
j);
2) a spatial heterogeneity challenging the mixing hy-
pothesis, that is, some hosts are counted, but not acces-
sible formosquitoes (i.e., Bi	B
a
i andHj	H
a
j); and 3)
a combination of both reasons, depending on host spe-
cies. However, when the relative contact ratios are
closed to 1, we can consider in a Þrst approximation that
the number of counted hosts is relatively closed to the
number of hosts involved in mosquito feeding.
To summarize, data from bloodmeal identiÞcations
alone allow computation of two quantities, as follows:
the host-feeding patterns in equation A12 and the
apparent contact probabilities like in equation A4.
When in addition host enumeration is possible, these
data allow calculation of the apparent conditional
host-feeding preferences in equation A13 and, thus,
the apparent contact probabilities in equation A14. In
the case inwhich the relative contact ratios are closed
to 1, the faB,i and f
a
H,j in equation A13 can be used as
an approximation in the prediction of qB,i and qH,j in
other situations of host abundance.
Impact of Host-Feeding Pattern in the Vector Role:
Enzootic Versus Bridge Probabilities. Let z be the
proportion of infectious mosquitoes among V mosqui-
toes interacting with Bi birds of species “i” (i 1, 2, . . .,
dB), Hj mammals of species “j” (j  1, 2, . . . , dH), D1
undetermined hosts (like other birds not counted in dB,
which may contribute to WNV cycle), and D2, other
undetermined hosts (like mammals not counted in dH,
which do not contribute toWNV cycle).We denote by
VBH  
i1
dB VB,i  
j1
dH VH,j the size of the mosquito sub-
population interacting with dB birds and dH mammals.
Toassess the impactofhost-feedingpatternontheWNV
transmission,we consider the forces of infection applied
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by infectiousmosquitoesonbird species “i”andmammal
species “j,” that is, theper susceptiblecapitaprobabilities
per unit of time of becoming infected:
 B,i gB,iB,i
zV
Bi
  gB,iqB,izVBHBi 
H,j gH,jH,jzVHj  gH,jqH,jzVBHHj 
[A16]
where gÕs are proportional constants (including biting
rates, duration of the extrinsic cycle, probabilities of
catching infection and transmitting viruses, and mos-
quito life expectancy), Õs and qÕs are the host-feeding
patterns and apparent contact probabilities deÞned
above, and the proportion of infectious mosquitoes z is
given by the differential equation:
dz
dt
 z c1  z  
i1
dB
B,i IB,iBi  D,1 ID,1D1
[A17]
in which IB,i (ID,1) is the number of infectious birds of
species “i” (D1 undetermined hosts), as only birds
contribute to WNV ampliÞcation cycle,  the per
capita mortality rate of mosquitoes and c, a propor-
tional constant.Weuse the linearapproximation in the
stationary limit of equation A17 to obtain z, and the
result is plugged back into equation A16 to give:
 B,i CB,iqB,i i
1
dB
B,i
 IB,i
Bi
  D,1 ID,1D1
H,j CH,jqH,j 
i
1
dB
B,i
 IB,i
Bi
  D,1 ID,1D1
[A18]
whereCB,i (CH,j) is the vectorial capacity ofmosquitoes
for infective contactswith birds of species “i” (mammals
of species “j”). Terms between square brackets in equa-
tion A18 represent infection of susceptible mosquitoes
resulting from feeding on infectious birds “b” and on
unknown bird hosts with probabilities B,i and D,1,
respectively. Among those mosquitoes that became in-
fectious, somewill transmit infection to susceptiblebirds
“b” and mammals “h”with rates CB,i and CH,j and prob-
abilities qB,i and qH,j, respectively. When, as above, the
host-feeding patterns (B,i and D,1) and contact prob-
abilities (qB,i and qH,j) are both obtained from blood
meal identiÞcation data, the forces of infection can be
rewritten as:
 B,i CB,i i
1
dB
PBB;i,i
 IB,i
Bi
  PBD;i,1 ID,1D1
H,j CH,j 
i
1
dB
PHB;j,i
 IB,i
Bi
  PHD;j,1 ID,1D1
[A19]
where we have deÞned PBB;i,iÕ  qB,i  B,iÕ as the
apparent probability that a mosquito successively
feeds twice on birds of species “i” and “iÕ,” and
PHB;j,i  qH,j  B,i the apparent probability that a
mosquito feeds Þrst on a bird of species “i” and next on
a mammal of species “j,” and similarly for PBD;i,1 and
PHD;j,1. According to the hypothesis that the mosqui-
to-feeding choice is independent of feeding history,
some investigators suggested that the apparent prob-
abilities PBB;i,iÕ and PHB;j,i could be regarded as a mea-
sure of the mosquito speciesÕ ability of playing the
roles of enzootic or bridge vector (D.J.B., unpublished
data; Nelson et al. 1976). The overall apparent enzo-
otic and bridge probabilities are given by:
 PBB i1
dB 
i
1
dB
PBB;i,i
  
i1
dB
qB,i   
i1
dB
B,i
PHB 
j1
dH 
i1
dB
PHB;j,i  
j1
dH
qH,j   
i1
dB
B,i
[A20]
However, when host-feeding patterns are obtained
from host-baited trap data, one can eliminate the Õs
to deal only with contact probabilities (qB,i and qH,j)
and rewrite the forces of infection as:
B,i CB,iVBHV  
i
1
b
QBB;i,i
IB,i
Bi

CB,i1  VBHV   QBD;i,1 ID,1D1
H,j CH,jVBHV  
i
1
b
QHB;j,i
 IB,i
Bi
 
CH,j1  VBHV   QHD;j,1 ID,1D1
[A21]
where the vectorial capacities are rescaled by the
proportion VBH/V of mosquitoes interacting with b
and h hosts (1 Ð VBH/V interacting with unknown D1
and D2 hosts) when catching infection, and we have
deÞnedQBB;i,iÕqB,iqB,iÕ as theenzooticprobability
that a mosquito successively feeds twice on birds of
species “iÕ,” and QHB;j,i  qH,j  qB,i the bridge prob-
ability that a mosquito feeds Þrst on a bird of species
“i” and next on a mammal of species “j,” and similarly
for QBD;i,1 and QHD;j,1. Likewise, the overall enzootic
and bridge probabilities are given by:
 QBB i1
dB 
i
1
dB
QBB;i,i
  
i1
dB
qB,i 2
QHB 
j1
dH 
i1
dB
QHB;j,i  
j1
dH
qH,j   
i1
dB
qB,i
[A22]
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